The conquest of terrestrial habitats by the Oniscidea necessitated the development of a moisturemonitoring system. This function is ascribed to the flagellar aesthetascs present on both first and second antennae, in addition to their olfactory function. The extreme diminution of the first antennae prevents them from being inactivated by predator actions, thus guaranteeing the vital monitoring of moisture-gradients in case the second antennae are destroyed by predators.
The terrestrial isopods of the suborder Oniscidea are the only crustaceans that have become completely independent of aquatic biotopes, even during their embryological development. This conquest of the land was favored by a number of preadaptations, e.g., the formation of a ventral brood chamber in the female, the marsupium, in which the embryos develop in a watery fluid, a situation comparable to the amnion in terrestrial vertebrates. Figure 1 shows a rough ecological zonation of the habitats colonized by terrestrial isopods. This is superimposed by a dendrogram depicting the most recent state of knowledge on the phylogeny of the group (Erhard, 1997) .
All isopods in other suborders live in aquatic biotopes. The terrestrial suborder Oniscidea has been shown to be monophyletic (Schmalfuss, 1974) . The common ancestor is supposed to have invaded the land out of a marine littoral environment. Such a change from aquatic to terrestrial life requires a considerable number of physiological, ethological, ecological, and morphological adaptations. This paper analyzes one part of this complex of adaptations to terrestrial life that can be formulated in the questions: What changes have occurred in the antennae during this adaptive process? Which correlations to the evolutionary ecological setting can be shown? Which causal explanations can be given for these changes?
MATERIALS AND METHODS
The material investigated and figured or SEM-photographed came from the isopod collection of the Staatliches Museum fur Naturkunde Stuttgart. For the SEM photographs, material preserved in 75% ethanol was used; it was air-dried and coated with gold.
THE ANTENNAE IN TERRESTRIAL ISOPODS
As in all crustaceans, two pairs of antennae are present in isopods. In all isopods both antennae possess only one branch, and the first antenna is always smaller than the second. The original ground plan condition in isopods is a three-jointed peduncle in the first antenna and a six-jointed peduncle in the second antenna (Schmalfuss, 1974) , with both appendages bearing a multijointed flagellum. This original condition is represented, for instance, by the flabelliferan family Cirolanidae, with the giant deep-sea isopod Bathynomus giganteus A. Milne Edwards (see Gruner, 1993: 839) . Both antennae are equipped with tactile setae and aesthetascs (Hoese, 1989) which in some cases have been shown to function as chemoreceptors (Pynnonen, 1985) .
The terrestrial isopods exhibit two conspicuous characters in their antennal morphology: an extreme diminution of the first antenna which must be considered one of the synapomorphic character states of all Oniscidea, and a tendency to diminish the number of the flagellar articles in the second an- Fig. 1 . Rough ecological zonation demonstrating the level of terrestrialization that has been reached by different taxa of the Oniscidea. A dendrogram is superimposed, showing the phylogenetic relations of these taxa according to the most recent state of knowledge (Erhard, 1997). tenna, in extreme cases to a single article (Helleria, Fig. 8) .
A number of agile active swimmers among aquatic isopods possess well-developed eyes with hundreds of ommatidia. This allows optic perception of shapes and certainly plays an important role in the orientation of the animals in their environment.
In the oniscidean genus Ligia, the eyes likewise consist of several hundreds of ommatidia (Fig. 2) . The members of this genus are agile diurnal inhabitants of the marine supralittoral. Other littoral genera of the Oniscidea and the terrestrial genus Ligidium have large eyes as well, with up to 150 ommatidia (personal observation).
In the two main groups of the Oniscidea that live in the truly terrestrial biotopes away from the seashore, the Synocheta and the superfamily Oniscoidea (compare Fig. 1 ), the number of ommatidia is reduced to not more than 30. This means that the animals can perceive only different shades of light or dark. The two taxa, mainly nocturnal or endogean, contain nine-tenths of all 4,000 described terrestrial isopod species (author's unpublished data). Except for tactile setae distributed over the whole body (Holdich and Lincoln, 1974) and possible chemoreceptors on mouthparts and walking legs (Vandel, 1960: 43) , the antennae are the only effective sense organs to be used for predator avoidance, intraspecific communication, and the search of appropriate food and suitable microhabitats.
A logical consequence to be postulated after a shift from aquatic to terrestrial environments is a differentiation of the chemoreceptors into olfactory organs reacting to signals from airborne substances, and gustatory receptors that react only by direct contact via a watery medium. For the terminal organ of the second antenna, a gustatory and olfactory function has been shown (Fischbach, 1955) . No unanimity has been reached concerning the function of the sensory pegs, the so-called aesthetascs, situated laterally on the flagellum of the second antenna and terminally on the first antenna (Figs. 3-5 ).
Structure and Function of the First Antennae
The tiny first antennae of all terrestrial isopods consist of 1-3 segments, the terminal article representing a vestige of the former flagellum (Fig. 3) . This terminal article is equipped with sensory pegs that are very similar to the sensilla found laterally on the flagellum of the second antennae (Risler, 1977 (Risler, , 1978 . In recent investigations on the ultrastructure of these sensory pegs on the first antenna, they have been interpreted as hygroreceptors (Haug and Altner, 1984) . Chemoreceptive function cannot, however, be excluded. In the aquatic isopod Saduria, the sensilla of the first antennal flagellum have been shown to function as far-distance chemoreceptors (Pynnonen, 1985) .
At this point the question arises: what is the biological reason for the extreme diminution of the first antenna?
Appendages like the second antennae that are moved in front of the animal during locomotion are extremely endangered by preda- tors. They are the first part of the isopod that a lurking predator will seize. The isopod might be able to escape, but frequently the antenna will be sacrificed in such an encounter.
Predators with pincerlike prehensile appendages are much more numerous in terrestrial biotopes than in aquatic environments. Examples are seen in chelicerates, chilopods, predatory insects, and birds. The extremely diminished first antennae are in no species completely reduced, and they are always equipped with aesthetascs. Their minute size and their sheltered position protect them from being seized and damaged by predators.
These observations allow the conclusion that the first antennae in terrestrial isopods were diminished not because they had become irrelevant for a successful survival, but, to the contrary, that this diminution had a very important function. The sensilla on the first antennae are vital for the survival of the animal. In terrestrial biotopes, in contrast to aquatic environments, there is a moisture-gradient which must be monitored, even for short-term survival. The diminution of the first antenna avoids the risk of its loss by predator action. It is thus an adaptation to the change from aquatic to terrestrial environments and to the change of the predator spectrum.
Assuming the first antennae to have an additional function as chemoreceptors, as postulated, e.g., by Abraham and Wolsky (1930) and Risler (1977) , they would serve as a sort of stopgap in case both second antennae were lost by predator action. The possible olfactory function would, in this case, help the animal to bridge the time to the next molt, when the second antennae are regenerated.
Structure and Functions of the Second Antennae
In the Oniscidea the second antenna has a six-jointed peduncle (with five functional articles) which carries in the more basic groups a multijointed flagellum (Schmalfuss, 1974) . In the more terrestrial groups the flagellar articles fuse to three or two articles; in one species only one article is present. The flagellar articles bear lateral aesthetascs which are very similar to the apical aesthetascs found on the first antenna (Figs. 4, 5) (Hoese, 1989) . In taxa living in very dry habitats, as, for example, Hemilepistus, these lateral aesthetascs seem to be retracted into pits (compare Schneider, 1973) probably reducing transpirational water loss. The apex of the flagellum is equipped with a so-called terminal organ, consisting of a bunch of sensory hairs (Mead et al., 1976) .
The second antennae are the most important sensory organs in terrestrial isopods. During locomotion, the surface in front of the animal is scrutinized by sweeping movements of the antennae and a "picture" is constructed by the impulses of numerous tactile setae (Figs. 4, 5) (Hoese, 1989; Hoese and Schneider, 1990 ). Olfactory signals are received by the terminal organ (Fischbach, 1955) and probably by the sensory pegs situated laterally on the flagellum (Henke, 1961) . These signals enable the animal to find food and to regulate intraspecific communication. Gustatory stimuli received by the terminal organ at the tip of the flagellum specify the olfactory signals (compare Holdich, 1984: 35) . Some chemical information is conveyed only in this way. In the monogamous desert isopod Hemilepistus, individual recognition of partners is only possible by direct contact with the antennal tip (Linsenmayr and Linsenmayr, 1971; Linsenmayr, 1972) .
Apart from these sensory functions of the second antennae, on which numerous investigations have been published (see bibliogra- phy in Hoese, 1989; Schneider and Glass, 1993) , this appendage fulfills additional tasks.
A close look at the second antennae of nearly all terrestrial isopods reveals grooves and scale-rows which belong to the so-called water-conducting system (Fig. 6 ). This waterconducting system is present in all terrestrial isopods. Several different functional types are situated on the ventral side of the animal (Hoese, 1981) and consist of scale-ribbons at the bases of the walking legs and scaled grooves along the antennae and the last walking legs. The water-conducting system functions by capillary forces. It is used to regulate the water budget, for excretion, and for thermoregulation. When the antennae are in contact with the substrate, they form a connection to the ventral water-conducting system by which water can be both emitted or taken up.
At least in dorsoventrally flattened species, the second antenna is used as a mechanical lever when the animal happens to be turned on its back (Fig. 7) . This is the only possi- bility for the animal to right itself, the antenna being the only lever that has the necessary length and mobility to perform this action. Otherwise, the animal would be exposed to predation or unfavorable environmental factors, such as sunlight, in a very vulnerable position without being able to move away to sheltered places. The tail spine of Limulus has the same function.
Relative Length of the Second Antennae
The relative length of the second antennae and, thus, their radius of action are correlated with the ecomorphological body type and the predator avoidance strategies expressed by the body morphology (compare Schmalfuss, 1984) . The longest antennae are found in long-legged, fast-running epigean species, the shortest ones in short-legged, slow-moving endogean creepers and in conglobating species. Two closely related species of Ligia embody two different life-styles, reflected in the different lengths of the walking-legs and the antennal flagellum. The tropical Ligia exotica Roux is an agile runner, while Ligia oceanica (L.) from the temperate coasts of the Atlantic, if threatened, hides in small depressions, tightly clinging to the substrate, and in this way escapes predators. In L. exotica, the antennal flagellum is about twice as long as in L. oceanica. If the antennae are to function as an effective tactile warning system, their action radius must be correlated with the locomotion speed of the animals.
Reduction of Flagellar Articles
In a number of aquatic isopod groups with plesiomorphic antennal morphology, the flagella of both antennae are constructed as multijointed whips. In the minute first antenna of terrestrial isopods, the flagellum is reduced to a single article bearing the aesthetascs. In regard to the second antenna, the genus Ligia is the only oniscidean taxon that still possesses a whiplike antennular flagellum with up to 30 articles; in all other taxa the number of flagellar articles is strongly reduced, in the extreme case there being only a single article (Helleria, see Fig. 8 ). Since there are no muscles inside the flagellum, the tip of a long whiplike antennular flagellum cannot be moved very accurately (Hoese, 1989: 135) . In a shortened flagellum with few articles, the terminal gustatory organ can be operated much more precisely. The shift from the marine littoral to truly terrestrial biotopes has been achieved independently in several phyletic lines inside the Oniscidea. A parallel reduction of the flagellar articles in the second antenna took place in these different lines (Fig. 8) (compare the littoral groups, Ligia, Tylos, Syphacidae, etc., with their terrestrial relatives, Ligidium, Helleria, Oniscoidea).
In the superfamily Oniscoidea, by far the most successful group of terrestrial isopods with more than 3,000 species (author's unpublished data), the primary character state is three flagellar articles. Within this group, there is again a parallel reduction to a twojointed flagellum in several phyletic lines, brought about by a complete fusion of the two terminal articles. This two-jointed flagellum seems to fulfill the functions discussed in an optimal way; obviously the best solution was Fig. 11 . A, Tendosphaera �raeca Schmalfuss, lateral view of head and pereion-tergite I and 2, with grooves on head and pereion-epimeron 1 for exterior protection of antenna during conglobation; B, Tendosphaera graeca, dorsal head surface; C, Tendosphaera verruco.ca Verhoeff, with second antennae in protective grooves of head and pereionepimeron 1. A, B, C, scale bar = 160 pm. not to convert the flagellum into a completely rigid rod, but to retain a certain flexibility by keeping one articulation (Hoese, 1989: 136) . All the successful genera that have colonized mesic or xeric biotopes have this two-jointed antennal flagellum, as, e.g., Porcellio, Armadillidium, Armadillo, Hemilepistus, and many more. The flagellum is fused into one single article only in one species from a different phyletic line, Helleria brevicornis Ebner.
If we ask why a precise operation of the antennal tip has become more important in terrestrial groups than in taxa living on the seashore, the key to an answer will be found in the nutrition. The food of seashore groups is algae growing in the spray zone or thrown ashore by wave action. The algae form a rather evenly distributed food source. The nutritional base of terrestrial groups has changed to dead decaying plant material. The actual food is the overgrowth of microorganisms and fungi that cause the decay (see Gunnarsson and Tunlid, 1986 ; also for further references, Bauer and Christian, 1995) . Food in a certain state of decay is very patchily distributed, and an exact localization of the appropriate food quality is necessary. A more precise operation of the antennal tip was the evolutionary answer to this necessity.
Protection Strategies for the Second Antennae
The indispensability of the antennae as the most important sense organs becomes evident in the protective strategies against predation which have been developed, especially by conglobating taxa. These rollers do not run away when threatened by possible predators, but trust in the armadillo principle, which means that they roll up into a ball which encloses the soft ventral parts and appendages (Fig. 9) . To shelter the second antennae inside this ball, they had to be shortened (Fig. 10) . If they are enclosed inside the rolled-up animal, the antennae and the other appendages are well protected against small predators that could otherwise damage them.
The shortening of the second antennae means, however, a reduction of the radius of action. The development of such strategies was the result of an evolutionary cost-benefit balance. There are conglobating species in which the antennae remain outside the ball, the so-called exo-antennal rollers. They are, as a rule, wider and flatter than the endo-antennal rollers. This means that the legs could remain longer and stronger. The animals are more mobile and, when threatened, first try to escape by running away. These forms did not have to shorten the antennae, thus retaining their original radius of action. An example for this strategy is the Eurasian genus Cylisticus.
A number of relatively small genera of exoantennal rollers possess dorsal grooves on the head and the first thoracic tergite into which the antennae can be inserted. This is demonstrated by the genus Tendosphaera (Fig. 11) . In this way, the antennae are protected to some degree from being seized and damaged by predators without the necessity of reducing their length.
Grooming of the Second Antennae
In the genus Ligidium, a ribbon of spiniform setae is found at the hind margin of the first epimera (Fig. 12) . The flagella of the second antennae are brought into contact with this spiny ledge. Such behavior has been interpreted as a cleaning and moistening process (Hoese, 1989: 147) . The morphological situation does, however, not allow an effective cleaning by these movements. The species of this genus always live in very wet environments, and it seems more probable that this behavior is used to remove droplets of water adhering to the antennal tip via the water-conducting system.
In the superfamily Oniscoidea, on the other hand, an effective cleaning instrument has been developed for the flagellum of the second antenna. It is situated on the first walking leg and is present in both sexes. It consists of a brush of short spines at the base of the propodus and a groove covered with soft setae at the frontal side of the carpus (Fig.  13) . The antennal flagellum is positioned at the base of the propodus and then drawn backward through the groove of the carpus. In this way, substrate particles sticking to the flagellum are brushed off. A similar antennal cleaning apparatus is found on the forelegs of certain carabid beetles (Schawaller, personal communication) .
The superfamily Oniscoidea is the only group of terrestrial isopods that has successfully colonized epigean biotopes, environments characterized by periodic desiccation. By this periodic desiccation, wet substrate particles can become stuck to the sensory setae on the flagellum, impede their functioning, and damage the aesthetascs and the apical organ if removed by force. The Oniscoidea have become the most successful group of terrestrial isopods, containing 80% of all species of woodlice. The antennal cleaning apparatus on the first walking leg is present in every one of these species. This demonstrates that it is an indispensable part of the adaptation complex that enabled this group to successfully colonize these epigean biotopes in which a permanently saturated moisture is not guaranteed.
